The bistability of ferroelectric polarization states serves as a basis for solid-state memory. This phenomenon can also yield an interesting photovoltaic effect in such a way that the directional photocarrier motion follows the inherent potential gradient imposed by the ferroelectric polarization vectors. Here, we demonstrate a single-domain photovoltaic switch based on lateral BiFeO 3 channels, in which such photovoltaic switching is achieved by a coherent single-domain reversal with a short electrical pulse. We then provide visual evidence for such operations with a series of spatially and spectrally resolved short-circuit photocurrent images. Specifically, we reveal that the sequential photovoltaic current images directly reflect the remanent polarization states of a single-domain channel. We also verify that, in multidomain channels, diffusive switching characteristics are determined not only by the internal polarization vector within the domain but also by oxygen vacancy accumulation at the domain walls. Keywords: ferroelectrics; multiferroics; oxide photonics; photovoltaics
INTRODUCTION
Homogeneous light illumination on non-centrosymmetric crystals, such as ferroelectrics, in the intrinsic absorption range can give rise to an interesting photovoltaic effect, dubbed as the bulk photovoltaic effect. 1, 2 This effect is distinct from that of typical semiconductor p-n junction photovoltaics and excitonic heterojunction photovoltaics in that the photogenerated carriers can be separated along the inherent polar directions, ensuing the unidirectional photocurrent (I ph ) and photovoltage (V ph ), associated with the spontaneous ferroelectric polarization vector (P s ). Therein, the open-circuit voltage (V oc ) is determined by the magnitude of the remanent polarization of ferroelectrics, and it can be additively as large as a few hundreds of volts, although the short-circuit current (I sc I ph at 0 V) is low due to the insulating character of the system. This phenomenon has been recently revisited with a small band-gap, BiFeO 3 (BFO) ferroelectric, from which a substantially higher photon-to-charge generation efficiency can be achieved in the visible range compared with that of other insulating ferroelectrics. [3] [4] [5] [6] [7] [8] Choi et al. 3 reported that diodelike rectification follows the polarization-dependent interface bandbending of BFO single-crystal slabs that are electrically switchable, that is, V oc and I sc are defined by the remanent polarization directions. In general, the spatial extent of spontaneous polarization vectors in ferroelectric crystals is typically manifested as domains (typically spanning over a few mm in size) and domain walls (DW, 1-2 nm in width), which must intimately determine the polarization-switching characteristics in a ferroelectric continuum. [1] [2] [3] [4] [8] [9] [10] In this study, we demonstrate a single-domain photovoltaic switch based on a lateral BFO channel with voltage pulses, in which coherent switching is achieved on a time scale as fast as 10 ms. By employing spatially and spectrally resolved I ph imaging on a single domain, we provide direct evidence that the photovoltaic switching characteristics are determined by the internal polarization vector along the applied electrical field (E-field). In addition, in multidomain channels, we show that oxygen vacancy accumulation at the domain walls (DWs), characteristic of perovskite oxides, is intimately associated with the diffusive switching characteristics. Our study holds general implications for the design rules of ferroelectric photovoltaic cells, which can be tuned by domain engineering and nano-ionic transport.
MATERIALS AND METHODS
We prepared two different types of rhombohedral BFO thin film channels, in which the initial domain structures were a single domain and multiple domains, as shown in the in-plane domain images of Figures 1a and b. These distinct domain structures are established by the heteroepitaxial relationship between (001)-oriented epitaxial BFO thin films on (001) and (110) SrTiO 3 substrates 11, 12 ; note that we used the pseudocubic cell notation for rhombohedral BFO thin films. While the (110) BFO shown in Figure 1a maintains a single-domain texture, the (100) BFO shown in Figure 1b exhibits striped domains lying along the o0104 direction with the two variants in the [110] and directions across the 711 or 1091 DWs. 13, 14 Out-of-plane PFM measurements (not shown) confirmed that the out-of-plane components are pointing downward, that is, from the surface to the substrate. The rectangular device channels were defined by an electrode gap of 4 mm and a width of 30 mm by e-beam lithography and Au-electrode liftoff. Spatially resolved I ph mapping was performed using a focused 532 nm laser with a diameter of 500 nm. 15, 16 While continuously varying the in-plane position of the BFO channel using a nanometer-scale controllable piezo scanner, the I sc was lock-in measured as a function of the laser illumination position at the excitation frequency of 100 Hz, relayed by the optical chopper placed between the laser source and the BFO channel.
RESULTS AND DISCUSSION
Figures 1c and d illustrate the I ph -V characteristics under global light illumination on a single domain and multiple domains of BFO at a V sweep rate of 9 V min À1 . First, we immediately notice that the I ph -V curves are hysteretic, with a linear background slope of a few MO cm of resistivity, upon each domain-reversal process. This observation represents a transient current characteristic in ferroelectrics that is associated with the capacitance change at the electrode contacts due to the net polarization variation under an applied E-field. 17 While the I ph increases upon a single abrupt switching in the single domain BFO marked by a circle, as shown clearly in the lower right inset of Figure 1c , it increases in continuous minute steps for the multidomains, as shown in the lower right inset of Figure 1d , reminiscent of the Barkhausen effects of magnetization processes. Second, as shown in the upper left insets of Figures 1c and d, these features commonly exhibit a photovoltaic effect in the low-E-field region, consistent with the literature. [3] [4] [5] [6] [7] [8] Figures 2a and d show the in-plane domain images and the corresponding I sc images for single-domain switching. In the intermediate reversal field, as in the domain image of E poling at þ 45 V and the I sc image at À20 V, the domain breaks up into two subdomains, showing signs of I sc to each other. Such a oneto-one correspondence clearly demonstrates that the I ph direction is directly determined by the P S vector configuration, which can be switched by the applied E-field, following the photovoltaic switching of a single domain. Meanwhile, in the multidomain channel, switching gradually proceeds via multidomain switching 18 as shown in Figure 2b , giving rise to a diffusive transition in a series of I sc images as a function of the poling field in Figure 2e , where the direction and magnitude of the local P S is particularly intermixed in the intermediate field. Figure 2c shows the total I sc magnitude, which was measured under global light illumination over the entire channel, as a function of the poling field; it is reminiscent of the typical polarization hysteresis of ferroelectrics. Essentially, the shape of the hysteresis loop represents the remanent polarization states during E-poling. These observations indicate that the ferroelectric photovoltaics directly follow the local polarization states and their switching characteristics.
The single-domain switching of BFO ferroelectrics can also be induced by a short electrical pulse. Figures 3a and b show the induced I ph variation under continuous light illumination in a single domain channel by a train of square voltage pulses. The sign and magnitude of the I ph immediately change upon applying an input voltage of ±90 V in a reproducible manner over more than a few thousand repetitions. As in Figure 3c , coherent switching was observed at a pulse width as narrow as 10 ms, which is limited by our measurement instruments, not by the intrinsic switching dynamics of BFO on the nanosecond scale. 19 The insets of the I sc images at each pulse width confirm that the photovoltaic switching is highly stable, with its spatial uniformity extending over the range of the pulse width, due to the coherent polarization states generated during single-domain switching. In the multidomain channel, however, we were not able to induce stable switching with square pulses (not shown). Rather, it was only possible by applying a continuous DC voltage sweep up to ±90 V at a moderate sweep rate.
Figures 4a and b show the switchable photovoltaic characteristics for the single-and multidomain channels in the low-E-field range after a DC voltage poling of ± 90 V. Notably, in the multidomain channels, I ph (thus I sc ) increases until reaching a value five times that Given that the magnitude of V oc is determined by the net |P S | in the channel in the bulk photovoltaic effect model, the observed I sc increase may have originated from an additional conduction contribution. We attribute this to ionic conduction by mobile oxygen vacancies, V O 2 þ , as follows. Figure 4c shows the I ph spectra taken from different spots on the single-and multidomain channels, as marked in the insets. In addition to the strong peak at 2.6-2.7 eV that corresponds to the direct band-gap absorption of BFO, the multidomain channel shows a sub-band-gap feature at 2.3 eV, whose intensity is stronger at the polar boundary and near the ( À) biased electrode. 8 This non-homogeneous distribution of the sub-band-gap feature can be understood by considering the equilibrium distribution of V O 2 þ by drift and diffusion. 20, 21 To further address the role of V O 2 þ migration in photovoltaic switching, we performed similar I sc -scanning measurements at a lower temperature of 77 K, where V O 2 þ migration can be effectively quenched. 22 According to the Nernst-Einstein relation, we note that the diffusivity of V O 2 þ can vary by many orders of magnitude for the typical activation energy of B1.0 eV of various perovskite oxides. 23, 24 In Figures 5a and c, we show that the single-domain switching and the related photovoltaic characteristics remained qualitatively unchanged, regardless of the E-field poling temperatures. We only observed a small increase in I ph at 300 K. In the multidomain channel, however, domain reversal became notably inhomogeneous at 77 K, as shown in Figure 5b , leading to the absence of photovoltaic characteristics, as shown in Figure 5d . This observation strongly suggests that these V O 2 þ ions Lateral BiFeO 3 cells-based ferroelectric-domain photovoltaic switch J Ho Sung et al presumably accumulated at the DWs and impede the DW motions required for domain reversal. 25, 26 In perovskite oxides, it is known that mobile V O 2 þ ions tend to occupy thermodynamically preferential sites in extended crystal defects, such as DWs, grain boundaries and dislocations. [27] [28] [29] [30] [31] [32] [33] [34] Often, these vacancies modify local cation valences and displacements and act as wall-pinning centers. 35 In turn, they contribute to diffusive photovoltaic switching in our multidomain BFO channels, as shown in Figures 5b and d . As a result, in the multidomain channel, the switching was activated by polarization flipping in conjunction with the electromigration of oxygen vacancies. 
